Heart failure results from the cumulative death of cardiomyocytes, and the inability of remaining cells to regenerate. Efforts toward transcriptional reprogramming of cardiomyocytes by overexpressing E1A or E2F1 have been limited by the inability of cardiomyocytes to enter and complete mitosis. Human CDC5 (hCDC5), a component of the pre-mRNA splicing complex, has been shown to regulate G2/M transit in asynchronously dividing cells. We now show that co-infection of recombinant adenoviruses expressing E1A/E1B and hCDC5 promotes cell cycle re-entry and G2/M progression in post-mitotic cardiomyocytes. Co-expression of E1A/E1B and hCDC5 induced nuclear localization of cyclin-dependent kinase 1 and cyclin B1, and was sufficient to promote mitotic entry as determined by an increase in mitotic index only in co-infected cells. E1A/E1B and hCDC5 promoted cell division, as evidenced by an increase in the number of cardiomyocytes following co-infection. Thus, overexpression of E1A/E1B and hCDC5 resulted in cell cycle re-entry, DNA synthesis, cell division, and an increase in cardiomyocyte number, suggesting the formation of new cardiomyocytes. These studies suggest that G1/S-phase transcriptional regulators, in combination with pre-mRNA splicing factors, such as CDC5, that regulate rate-limiting G2/M target genes may prove useful in developing therapies to stimulate myocardial regeneration. Gene Therapy (2006) 13, 837-843.
Introduction
Ischemic insult resulting from myocardial infarction leads to myocyte cell death. 1 Decreasing myocardial functional capacity ultimately results from the death of cardiomyocytes and the inability of remaining myocytes to proliferate and heal the infarcted tissue in a functional way. 1 Indeed, prognosis directly correlates with viable tissue mass after infarct. 2 In mammals, cardiomyocytes start to exit the cell cycle midway through gestation, and effectively cease proliferating within the neonatal period. 3 In rats aged 1-5 days, the percent of ventricular cardiomyocytes undergoing DNA synthesis ranges between 2 and 15% according to diverse reports, however, this number decreases to p1% by 21 days. 4 Thereafter, adult ventricular cardiomyocytes remain quiescent and it has long been believed that cardiomyocytes have no natural capacity for significant regeneration, despite the observation of mitotic figures in cardiomyocytes near regions of infarct. 5 Recent studies have suggested that terminally differentiated cardiomyocytes can be induced to re-enter the cell cycle by forced overexpression of G1/S-phase specific transcription factors. [6] [7] [8] [9] Several studies utilizing the overexpression of the adenoviral protein E1A, or mammalian G1 transcription factor, E2F1, by viral transfer in neonatal rat ventricular myocytes indicated that E1A or E2F1 selectively provokes re-entry into the cell cycle followed by cell death. 7, 9 Apoptosis was alleviated by transfer of a second, antiapoptotic adenoviral gene, E1B. 6 In these studies with E1A or E2F1, in combination with E1B, DNA synthesis was achieved, however, even neonatal cardiomycytes remained blocked in G2 and failed to enter mitosis. 8 The results of transcriptional reprogramming with E1A or E2F1 and E1B, to achieve G1/S progression suggest that additional gene products may be necessary to overcome the block in G2. Schizosaccharomyces pombe cdc5p, and its homologs in budding yeast (Cef1p) and human (hCDC5), are components of the pre-mRNA splicing complex 10, 11 that have been shown to be necessary for G2 progression and mitotic entry. 12 , 13 We previously demonstrated that overexpression of hCDC5 in mammalian cells accelerated G2/M transit, and that a truncated, dominant-negative CDC5 mutant caused a delay in G2. 12 Recently, it has been shown that CDC5
proteins may function by directing the post-transcriptional processing of gene products that are rate limiting for mitotic entry.
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Based on the above observations, we hypothesized that CDC5, in conjunction with E1A, could induce cardiomyocyte cell division. To test this, we used recombinant adenovirus to drive the overexpression of adenoviral E1A/E1B proteins and hCDC5. Our results indicate that in combination, E1A/E1B and hCDC5 are capable of stimulating cardiomyocyte cell division in vitro.
Results
Expression of E1A/E1B and hCDC5 in cultured rat cardiomyocytes infected with recombinant adenovirus
To study the effects of hCDC5 on the cell cycle of cardiomyocytes, we created a bicistronic cDNA encoding FLAG-tagged hCDC5 and green fluorescence protein (GFP) in replication-deficient human adenovirus serotype 5 ( Figure 1a ). Green fluorescence protein was used to monitor infection efficiency. A viral vector containing adenoviral proteins, E1A and E1B, was kindly provided by E Moran (Temple University). 15 Since neonatal cardiomyocytes retain the ability to cycle, 4 and previously have been shown to be responsive to transcriptional reprogramming, [6] [7] [8] [9] we chose to investigate the potential of hCDC5 to overcome the G2/M block specifically in these cells. We validated expression of recombinant E1A/E1B and hCDC5 by reverse transcription-polymerase chain reaction (RT-PCR) analyses of total RNA isolated from neonatal rat cardiomyocytes 72 h post-infection with either AdE1A/E1B or AdCDC5 at a multiplicity of infection (MOI) of 100 ( Figure 1b) . Endogenous CDC5 expression was undetectable in neonatal rat cardiomyocytes that were not infected with AdCDC5 ( Figure 1b) . Infection of cultured neonatal rat cardiomyocytes with either AdE1A/E1B or AdCDC5 resulted in the expression of E1A/E1B and hCDC5, respectively, as determined by immunoblot analysis (Figure 1c) .
Overexpression of E1A/E1B is necessary to induce G1/S transit and DNA synthesis in neonatal rat cardiomyocytes
To demonstrate the ability of E1A/E1B overexpression to induce G1/S-phase transit, we measured 5 0 -bromodeoxyuridine (BrdU) incorporation in serum-starved neonatal rat cardiomyocytes following AdE1A/E1B infection. Serum-starved cardiomyocytes isolated from 3-day-old rats were infected with AdE1A/E1B or AdCDC5 at an MOI of 100. Immunofluorescence staining with a monoclonal antibody to BrdU and counter staining with Hoechst 33342 was used to assess the proportion of cardiomyocytes undergoing active DNA synthesis (Figure 2 ). We observed a 4twofold increase in the number of myocyte nuclei staining positive for BrdU in cultures of neonatal rat ventricular myocytes infected with AdE1A/E1B (23.3976.04%) compared with cells that Figure 1 Adenoviral-mediated expression of E1A/E1B and hCDC5. (a) The cDNA for E1A/E1B or FLAG-tagged hCDC5 was cloned into an adenoviral serotype 5 backbone under control of a CMV promoter, as discussed in Materials and methods, to generate AdE1A/E1B and AdCDC5, respectively. In addition, AdCDC5 contained the cDNA for green fluorescence protein (GFP) separated from CDC5 by an IRES. Neonatal rat ventricular myocytes were analyzed 72 h post-infection with either virus. Viral-mediated expression of E1A/E1B and hCDC5 was detected by reverse transcription-polymerase chain reaction (RT-PCR) (b) and immunoblot (c) analysis at the indicated multiplicity of infection (MOI), or at MOI 100. Representative experiments are shown. AdE1A/E1B and AdCDC5 directed the transcription of appropriately sized transcripts (b) and the expression of E1A and FLAG-tagged hCDC5 proteins (c) at MOI 100 for each virus. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) template with primers that amplify a B1.7 kb fragment were used as a control for PCR reactions. AdV LA, adenovirus left arm; CMV, cytomegalovirus immediate-early promoter; IRES, internal ribosomal entry site; GFP, green fluorescent protein; AdV RA, adenovirus right arm. Figure 2d ). While it has been shown that up to 15% of ventricular cardiomyocytes from rats aged 1-5 days may be capable of DNA synthesis, 4 these data demonstrate a significant increase above baseline in DNA synthesis with AdE1A/E1B but not AdCDC5.
Overexpression of hCDC5 together with E1A/E1B stimulates nuclear localization of cyclin-dependent kinase 1 and cyclin B1 During G2/M transit, cyclin B1 (CLNB1) expression is upregulated and the cyclin-dependent kinase 1 (CDK1)-CLNB1 complex localizes to the nucleus in dividing cells, where it phosphorylates and activates downstream effectors of mitosis. 16 Since nuclear localization of CDK1-CLNB1 is a key regulatory event in driving mitotic entry, we determined the nuclear localization of CDK1 and CLNB1 by immunofluorescence in response to hCDC5 overexpression ( Figure 3 ). Serum-starved cultures of neonatal rat ventricular myocytes were infected with AdE1A/E1B, AdCDC5 or co-infected with AdE1A/E1B and AdCDC5 at an MOI of 100. Cells were fixed 72 h post-infection, immunostained with anti-CDK1 or anti-CLNB1, and counterstained with anti-asarcomeric actin. Quantitation of CDK1-positive nuclei indicated a sevenfold increase (P ¼ 0.004) in the nuclear localization of CDK1 in cultures co-infected with AdE1A/E1B and AdCDC5, compared with uninfected cells (Figure 3d ). This increase also was significantly higher than that seen with either AdE1A/E1B or AdCDC5 alone (P ¼ 0.007 and P ¼ 0.021, respectively).
Overexpression of E1A/E1B and hCDC5 increases the number of cardiomyocyte nuclei
Previously, it was shown that cardiomyocytes expressing E1A or E2F1 increase their DNA content but undergo apoptosis. 7, 8 The addition of E1B was shown to inhibit the induction of apoptosis, however, cardiomyocytes arrested in G2 and failed to enter mitosis. 6 Since coexpression of hCDC5 resulted in nuclear localization of CDK1-CLNB1, we wanted to test whether this also resulted in an increase in the number of cardiomyocyte nuclei. We infected equal numbers of serum-starved neonatal rat ventricular myocytes with either empty adenovirus, AdE1A/E1B, AdCDC5, or co-infected cells with AdE1A/E1B and AdCDC5, at an MOI of 100. The nuclei of cardiomyocytes were identified by staining with Hoechst 33342 and the number of nuclei were quantified by Array Scan analysis of random fields 72 h post-infection ( Figure 4 ). Cultures co-infected with AdE1A/E1B and AdCDC5 exhibited a B2-fold increase in nuclei number (951780; P ¼ 0.0002) compared to cultures infected with empty adenovirus (Figure 4 ). Cultures infected with either AdE1A/E1B (540.67 130.6; P ¼ 0.63) or AdCDC5 (619.67160.5; P ¼ 0.18) alone did not result in a significant increase in nuclei number compared to cultures infected with empty virus (Figure 4) . (N ¼ 3) ; # Po0.05. Co-infected cultures showed a B2-fold increase in nuclei number compared to cultures infected with either empty virus, while cultures infected with AdE1A/E1B or AdCDC5 alone showed no significant change in nuclei number.
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Overexpression of E1A/E1B and hCDC5 induces cardiomyocyte cytokinesis
To identify cardiomyocyte cell division in situ, we observed identical microscopic fields of neonatal rat cardiomyocytes co-infected with AdE1A/E1B and AdCDC5 over a 48 h period post-infection. Co-infection of serum-starved neonatal rat cardiomyocytes with AdE1A/E1B and AdCDC5 induced cytokinesis and resulted in the formation of daughter cells (Figure 5a-f) . Serum-deprived, neonatal cardiomyocytes that had not been co-infected with adenovirus expressing E1A/ E1B and hCDC5 remained quiescent, and were never observed to undergo cytokinesis.
Overexpression of E1A/E1B and hCDC5 results in an increase in mitotic index
Although others have reported incomplete transverse splitting of cardiomyocytes in vivo following genetic manipulation, 17 (Figure 5g ).
Overexpression of E1A/E1B and hCDC5 results in an increase in cardiomyocyte cell number
The increase in cardiomyocyte mitotic index could either represent binucleation of existing myocytes (the terminal event in cardiomyocyte differentiation) or an increase in the total number of cardiomyocytes. To determine whether overexpression of E1A/E1B and hCDC5 leads to cardiomyocyte cell division, we infected cultured neonatal rat cardiomyocytes with AdE1A/E1B and AdCDC5 separately or in combination at an MOI of 100, and counted cell numbers every 24 h for 3 days (Figure 5h ). We observed significant increases in cardiomyocyte numbers at 48 h post-infection with both AdE1A/E1B and AdCDC5 compared to uninfected cardiomyocytes (77711 versus 47714; P ¼ 0.002). Cardiomyocytes infected with either AdE1A/E1B or AdCDC5 alone did not result in significantly different cell numbers when compared to uninfected cardiomyocytes at 24 or 48 h (Figure 5h ).
Discussion
Previous studies have shown that forced overexpression of G1/S cyclin-dependent kinase components, cyclin D1 (CLND1) and cyclin-dependent kinase 2 (Cdk2), can induce G1/S transit in cultured neonatal ventricular myocytes. 18, 19 However, these cells have been shown to be either abnormally small 18 or aneuploid 19 suggesting that components of the Cdk2-CLND1 complex alone are insufficient to drive the normal transcriptional program required for cardiomyocyte cell division. Similarly, others have demonstrated that the forced expression of G1/S transcriptional regulators, such as E2F1 or E1A, can drive cardiomyocyte cell cycle re-entry and DNA synthesis, 6, 7, 9 however, these transcriptionally re-programmed cells fail to complete mitosis. 8 The identification of CDC5, a regulator of pre-mRNA splicing that specifically is required for G2/M transit, 12 provided an opportunity to extend these earlier studies that focused on G1/S progression. The studies now presented demonstrate that overexpression of hCDC5, together with E1A/E1B, can drive cultured cardiomyocytes through cell division. 
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It has been shown that between 2 and 15% of ventricular cardiomyocytes from rats aged 1-5 days are capable of DNA synthesis, 4 which may explain their responsiveness to transcriptional reprogramming, as previously reported for E1A/E1B and E2F1/E1B. [6] [7] [8] [9] As ex vivo cultures of neonatal ventricular cardiomyocytes demonstrate such cell cycle plasticity, we chose to investigate the potential of hCDC5 to overcome the G2/M block previously reported specifically in these cells. [6] [7] [8] [9] While cardiomyocytes overexpressing E1A/E1B and hCDC5 increased their cell number compared to control cultures, this increase was not perpetual. Cardiomyocytes 72 h post-infection did not exhibit an additional increase in cell number when compared to 48 h suggesting that cells overexpressing E1A/E1B and hCDC5 do not proliferate indefinitely under these in vitro conditions. In fact, these results are consistent with one additional cell division over the 72 h period postinfection, with the incremental increases in cell number at 24 and 48 h reflecting an asynchronously dividing population. The results at 72 h post-infection also suggest that the newly formed cardiomyocytes are viable since no decrease in cell number was observed.
Various reports have assessed the capacity for new cardiomyocyte formation in vivo, with mitotic indices between 15 and 500 per million cardiomyocte nuclei reported in control human hearts without known pathology. 5, 20 Recently, it has been shown that a significant increase in mitotic index can be seen among cardiomyocytes proximal to sites of myocardial infarct in autopsy specimens, with less but still appreciable numbers of distal dividing myocytes. 5 Genetically manipulated animal models also have proved useful in testing whether this inherent capacity for cardiomyocyte proliferation can be further stimulated. The MRL mouse strain responds to cryoinjury of the right ventricle with a 10-20% increase in DNA synthesis compared to C57BL/ 6 mice. 21 Virally mediated overexpression of vascular endothelial growth factor conferred a fivefold increase in cardiomyocyte mitotic index following left circumflex coronary artery ligation. 17 In vitro studies with isolated rodent cardiomyocytes have supported these observations that terminally differentiated cardiomyocytes can be stimulated to proliferate. Murine cardiomyocytes overexpressing Bcl-2 demonstrated an increase in mitotic index from 30 to 75 per million nuclei, 22 and adenoviral-mediated overexpression of FGF-2 in neonatal rat ventricular myocytes demonstrated a 140-fold increase in mitotic index. 23 The experiments presented here are the first demonstration that direct manipulation of the cardiomyocyte cell cycle by combined transcriptional and post-transcriptional reprogramming can lead to an increase in cardiomyocyte proliferation, as evidenced by an increase in mitotic index. These results suggest that further studies with hCDC5 in adult animals in vivo are warranted.
Adenovirus-mediated overexpression of E1A/E1B and hCDC5 in rat neonatal cardiomyocytes induced DNA synthesis, resulted in nuclear localization of CDK1 and CLNB1, increased cardiomyocyte nuclei number and mitotic index, and increased cardiomyocyte cell number. This study, therefore, demonstrates a novel approach to driving terminally differentiated muscle cells through mitosis. While these experiments reveal limitations with respect to achieving a continuously proliferating culture, such an approach that achieves a single round of cellular duplication may better serve genomic fidelity within the target tissue.
Materials and methods

Adenoviruses
AdE1A/E1B was kindly provided by E Moran (Temple University). AdCDC5, containing a bicistronic coding sequence for FLAG-tagged, full-length hCDC5 24 and green fluorescent protein, driven by the cytomegalovirus (CMV) immediate-early promoter, was constructed using the AdEasy system. 24 This was generously provided by B Vogelstein (Johns Hopkins University). Empty adenovirus containing the CMV immediate-early promoter alone was obtained from Q-Biogene (Carlsbad, CA, USA). All recombinant adenoviral constructs were replication deficient (i.e., E1/E3 deleted), were propagated in HEK293 cells, and collected by repeated freeze/ thawing. Viral titers were determined using the Rapid Titer kit (BD Biosciences; Palo Alto, CA, USA).
Cell culture and adenovirus infection
All animal procedures were approved by the UCSF Institutional Animal Care and Use Committee. Neonatal ventricular myocytes from 3-day-old Sprague-Dawley rats were purified by Percoll density gradient centrifugation, plated overnight in high glucose Dulbecco'smodified Eagle's medium (DMEM) (Invitrogen, Carlsbad, CA, USA) supplemented with 5% FBS, L-glutamine, and insulin-transferrin-selinium, and then serum starved by culturing in serum-free high glucose DMEM for 24 h as described previously. 25 These methods routinely produce 498% pure cultures of cardiomyocytes in our lab, as assessed by cardiac a-actinin staining. 25 Cultures of serum-starved ventricular myocytes were infected with recombinant adenoviruses at the indicated MOI approximately 40 h after plating, and analyzed 24-72 h post-infection. Cultures were reassessed for cardiomyocyte purity by cardiac a-actinin staining at the time of end point analysis (24, 48 or 72 h), and cultures containing o95% cardiomyocytes were excluded from subsequent analysis.
Reverse transcription-polymerase chain reaction and immunoblotting
The overexpression of E1A/E1B and hCDC5 was assessed in neonatal rat ventricular cardiomyocytes by RT-PCR utilizing the OneStep RT-PCR kit (Qiagen, Valencia, CA, USA). Total cellular RNA was prepared using the RNeasy kit (Qiagen). A template consisting of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) sequence and primers that amplify a 1.7 kb product were used as PCR reaction controls. The expression of E1A/E1B and hCDC5 protein in neonatal cardiomyocytes was determined by immunoblot analysis. Cell lysates (25 mg total protein/lane) were resolved by 4-20% Tris/glycine sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to nitrocellulose. Membranes were incubated with mouse anti-E1A (Santa Cruz Biotechnology, Santa Cruz, CA, USA) or mouse anti-FLAG (Sigma, St Louis, MO, USA), and horseradish peroxidase-conjugated goat anti-mouse IgG CDC5 promotes cardiomyocyte division SD Williams et al (Caltag Laboratories; Burlingame, CA, USA). Bound antibodies were detected by chemiluminescence using ECL reagents (Amersham Biosciences, Piscataway, NJ, USA).
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0 -Bromodeoxyuridine incorporation and immunofluorescent staining DNA synthesis was measured in situ 42 h post-infection using the Labeling and Detection Kit I (Roche, Indianapolis, IN, USA) as previously described. 26 Nuclear localization of CDK1 and CLNB1 was determined by immunostaining of methanol-fixed cardiomyocytes 72 h post-infection. Cells were labeled with rabbit anti-CDK1 or rabbit anti-CLNB1 (Santa Cruz Biotechnology) and fluorescein-conjugated goat anti-rabbit IgG (Caltag Laboratories, Burlingame, CA, USA). Cardiomyocytes were labeled with mouse anti-a-sarcomeric actin (clone 5C5; Sigma) and rhodamine-conjugated goat anti-mouse (Caltag Laboratories). Nuclei were counterstained with Hoechst 33342 (Molecular Probes; Eugene, OR, USA). The percentages of BrdU-and CDK1-positive nuclei (# BrdU-or CDK1-positive nuclei in a-sarcomeric actinpositive cells/total nuclei in a-sarcomeric actin-positive cells) were calculated from three replicate experiments examining 4100 000 total nuclei in a-sarcomeric actinpositive cells for each condition.
Cardiomyocyte nuclei number, cytokinesis and cardiomyocyte cell number
The quantitation of nuclei in cultures of neonatal cardiomyocytes overexpressing E1A/E1B and hCDC5 was achieved by fixing cells in methanol 72 h postinfection and staining nuclei with Hoechst 33342 (Molecular Probes). Nuclei number was assessed by Array Scan analysis (Cellomics, Pittsburgh, PA, USA) of 10 replicates of ten Â 100 microscopic fields for each condition. A minimum of three independent experiments were performed for each condition. Cardiomyocytes in various stages of cytokinesis were identified by brightfield imaging. Random fields of serum-starved neonatal cardiomyocytes were imaged and the locations of cells marked prior to infection with AdE1A/E1B and AdCDC5. Marked myocytes were re-examined 24 and 48 h post-infection with AdE1A/E1B and AdCDC5, and cells undergoing cytokinesis were visually identified and re-imaged. Cardiomyocyte cell numbers were determined in populations of neonatal rat ventricular myocytes overexpressing E1A/E1B and hCDC5 24, 48 and 72 h post-infection by brightfield analysis. Four replicates of 10 random, Â 100 fields were imaged and counted for each experimental condition.
Mitotic index
To identify mitotic nuclei, ethanol-fixed cardiomyocytes were labeled with mouse antiphospho-histone H3 (clone 3H10; Upstate, Charlottesville, VA, USA) and fluorescein-conjugated goat anti-mouse IgG (Molecular Probes) 48 h post-infection. To determine mitotic index, nuclei were counterstained with propidium iodide. Flow cytometry was performed using a Becton Dickinson (Franklin Lakes, NJ, USA) FACStar Plus with dual argon ion lasers at 488 and 363 nm light output. Propidium iodide and fluorescein signals were acquired using 630/ 22-and 530/30-mm bandpass filters, respectively. Data were acquired with CellQuest software (Becton Dickinson, Franklin Lakes, NJ, USA), and all analyses were performed using FlowJo 6.3.4 (Tree Star). For each condition, the number of phospho-histone H3-positive nuclei per 100 000 cardiomyocyte nuclei was determined from three replicate experiments of 100 000 collected events (nuclei).
Statistical analysis
Data presented in the text and figures represent the mean7standard error of the mean (s.e.m.). Comparisons between means were made using Fisher's exact test (InStat 3.0; GraphPad). For multiple group comparisons, one-way analysis of variance was used to identify significant differences among groups, followed by Bonferroni's post test to isolate specific differences (SPSS 11; SPSS). A 0.05 level of confidence was accepted for statistical significance.
